Results from a regional climate simulation over the Greenland ice sheet (GrIS) reveals that more than 97% of the interannual variability of the modelled Surface Mass Balance (SMB) can be explained by the GrIS summer temperature anomaly and the GrIS annual precipitation anomaly. This multiple regression is then used to empirically estimate the GrIS SMB since 1900 from climatological time series. The projected SMB changes in the 21st century are investigated with the set of simulations performed with atmosphere-ocean general circulation models (AOGCMs) of the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR4). These estimates show that the high surface mass loss rates of recent years are not unprecedented in the GrIS history of the last hundred years. The minimum SMB rate seems to have occurred earlier in the 1930s and corresponds to a zero SMB rate. The AOGCMs project that the SMB rate of the 1930s would be common at the end of 2100. The temperature would be higher than in the 1930s but the increase of accumulation in the 21st century would partly offset the acceleration of surface melt due to the temperature increase. However, these assumptions are based on an empirical multiple regression only validated for recent/current climatic conditions, and the accuracy and time homogeneity of the data sets and AOGCM results used in these estimations constitute a large uncertainty.
Abstract.
Results from a regional climate simulation over the Greenland ice sheet (GrIS) reveals that more than 97% of the interannual variability of the modelled Surface Mass Balance (SMB) can be explained by the GrIS summer temperature anomaly and the GrIS annual precipitation anomaly. This multiple regression is then used to empirically estimate the GrIS SMB since 1900 from climatological time series. The projected SMB changes in the 21st century are investigated with the set of simulations performed with atmosphere-ocean general circulation models (AOGCMs) of the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR4). These estimates show that the high surface mass loss rates of recent years are not unprecedented in the GrIS history of the last hundred years. The minimum SMB rate seems to have occurred earlier in the 1930s and corresponds to a zero SMB rate. The AOGCMs project that the SMB rate of the 1930s would be common at the end of 2100. The temperature would be higher than in the 1930s but the increase of accumulation in the 21st century would partly offset the acceleration of surface melt due to the temperature increase. However, these assumptions are based on an empirical multiple regression only validated for recent/current climatic conditions, and the accuracy and time homogeneity of the data sets and AOGCM results used in these estimations constitute a large uncertainty.
Introduction
Mass balance variations of the GrIS play an important role in global sea level fluctuations and oceanic THC changes.
Correspondence to: X. Fettweis (xavier.fettweis@ulg.ac.be) On the one hand, GrIS mass balance changes appear to have contributed several metres to some of the sea-level fluctuations since the last interglacial period known as the Eemian, 125 K yr BP (Cuffey and Marshall, 2000) and are expected to contribute to sea-level rise under the projected future global warming throughout this century (Meehl et al., 2007) . On the other hand, increases in the freshwater flux from the Greenland ice sheet (run-off of the surface melt water, basal melting and glacier discharge) could perturb the THC by reducing the density contrast driving the thermohaline circulation (Rahmstorf et al., 2005) . Any weakening of the THC in response to a surface warming and an increasing freshwater flux induced by global warming Swingedouw et al., 2006) would reduce the heat input to the North Atlantic ocean and subsequently reduce the warming in regions including Europe. The IPCC 4th Assessment Report (IPCC AR4) projected that the Greenland ice sheet is likely to lose mass because the increasing run-off is expected to exceed the precipitation increase in a warmer climate but did not expand on the individual model estimates or mass balance components (Meehl et al., 2007) .
In this study, we provide estimates of the GrIS SMB from 1900 to 2100 based on a multiple regression model using anomalies of GrIS summer temperature (from 1 June to 31 August) and from GrIS annual precipitation. A 37-yr simulation of the GrIS performed by the regional climate model MAR (Modèle Atmosphérique Régional) shows that 97% of the interannual variability of the modelled SMB is explained by these anomalies (Fettweis, 2007) . Such a strong correlation is also confirmed by the model of Hanna et al. (2008) driven by the ECMWF (re)analysis. We use this relation to empirically estimate the GrIS SMB since 1900 until now from climatological time series and analyses. The 21st century is investigated with results from the AOGCMs used in the IPCC AR4 (Randall et al., 2007) . Section 2 explains in detail both the method and data used. Estimates of near past and future GrIS SMB rates are presented in Sect. 3 and Sect. 4, respectively. Section 5 contains a discussion of the results.
Method
To a first approximation, the GrIS SMB variability ( SMB GrIS ) is driven by the GrIS annual precipitation anomaly ( P yr ) minus the GrIS meltwater run-off rate variability. According to Box et al. (2004) and Fettweis (2007) , the run-off rate variability can be approximated by the GrIS summer (from 1 June to 31 August) 3 m-temperature ( T jja ) to give this multiple regression:
where a and b are constant parameters. These parameters are determined by solving the multiple regression equation using the simulated GrIS SMB anomaly time series and both JJA temperature and annual precipitation anomaly time series. By using de-trended results simulated by MAR, a correlation coefficient of 0.97 is obtained between the simulated and estimated GrIS SMB anomaly from Eq. (1) over the period . The root mean square error (RMSE) represents 25% of the GrIS SMB anomaly standard deviation. Such a correlation motivated us to use this equation to extend the estimate of the SMB variability with the help of climatological time series and the outputs from analyses and the AOGCMs used in the IPCC AR4. The 30-yr reference period is chosen because it covers most of the available data sets and model results used in this study. Figure 1 shows where the regional variability of the MAR 3 m-temperature and precipitation best captures the variability of the MAR SMB of the GrIS. With the aim of applying this multiple regression to other data sets (at low resolution and without an ice sheet/land mask), we delimited regions in latitude/longitude on the GrIS where the variability of precipitation and temperature will be captured to estimate the SMB following Eq. (1). These regions (called Region 1 and Region 2 hereafter) are different for temperature and precipitation, and are plotted in Figs. 1 and 2 . The west coast of the GrIS was chosen to take the temperature anomalies (Region 1) because the correlation with the SMB time series is the highest (see Fig. 1 and 2) in this region. Furthermore, there are a lot of Danish Meteorological Institute (DMI) weather stations along the west coast on which the datasets (CRU, GHCN,...) are based. The Region 2 for precipitation anomaly is centred on the Summit where the spatial autocorrelation is the highest. The boundaries of these regions are chosen to have higher correlations between the GrIS SMB modelled by MAR and the SMB estimated by temperature/precipitation anomalies simulated by MAR model (following Fig. 1 Fig. 2 . Correlation between the time series of the MAR (resp. Hanna08) simulated GrIS SMB and the summer 3 m-temperature and annual precipitation from the ECMWF (resp. NCEP/NCAR) reanalysis at each grid location over 1970-1999. www.the-cryosphere.net/2/117/2008/ The Cryosphere, 2, 117-129, 2008 Table 2 . Correlation coefficient between the de-trended annual temperature (resp. precipitation) anomaly averaged over Region 1 (resp. Region 2) from the different data sets and simulated by the MAR model over the reference period (1) by using temperature/precipitation anomalies simulated by MAR, derived using a positive degree-day and run-off/retention model based on ECMWF reanalysis Hanna et al. (2008) and estimated by using temperature/precipitation anomaly from the ECMWF (re)analysis, and simulated by the Polar MM5 model . The reference period is 1970-1999 and the temperature and precipitation anomaly are taken from Region 1 and 2 described in Fig. 1 . data sets used hereafter (see Table 2 ), while the choice of the boundaries of these regions does not significantly impact the results. Both regions chosen are therefore the same for all data sets. A good agreement between the modelling from MAR and from Hanna et al. (2008) (called Hanna08 hereafter) and the estimates of the GrIS SMB anomaly by using temperature (respectively precipitation) anomaly on Region 1 (resp. 2) can be seen in Fig. 3 . This figure also compares the GrIS SMB simulated by the Polar MM5 model . The differences between these three models are briefly described in Fettweis (2007) . The interannual variability compares well between the models before 2000 while this last one is higher in the MAR model than in the Hanna08 time series. The Hanna08 run-off model is forced by monthly mean atmospheric fields from the ECMWF (re)analysis which could underestimate the impact of extreme warm events during the summer and then reduce the interannual variability. After 2001, large discrepancies however occur between the models. First, in the 2000s, there is a succession of negative SMB anomalies inducing an acceleration of the melt the following year due to the albedo feedback and the humidification of the snowpack. These feedbacks could be overestimated in the MAR model compared with other models. In addition, these feedbacks are not taken into account in the (Polar) MM5 model because the surface model is reinitialized every day in MM5. Secondly, different sensitivities of the various SMB models to several profound changes in the ECMWF model configuration/resolution used to produce ECMWF operational analyses after 2002 (as opposed to the fixed model scheme of ERA-40 (Uppala et al., 2005) for the period 1958-2001) could explain the differences in the models since 2002. The disagreement in the 2000s explains why we did not extend the 30-yr reference period to the 2000s.
Finally, Oerlemans et al. (2005) use a similar estimation of Eq. (1) which is in total agreement with that we have found in Eq. (1) by using the MAR simulated time series. Using the same units as Oerlemans et al. (2005) , we obtain a coefficient a of −43.3 mm/K compared with −49 in Oerlemans et al. (2005) and a coefficient b of 3 mm/% compared with 3.8 in Oerlemans et al. (2005) . If we use the SMB time series from Hanna08 and the temperature and precipitation anomalies time series in Region 1 and 2 from the ERA-40 reanalysis in Eq. (1) a coefficient a (resp. b) of −49.4 mm/K (resp. 3.4 mm/%) is found, which fully agrees with those found by Oerlemans et al. (2005) . These values are also in agreement with .
Surface mass balance in the 20th century
For each data set listed in Table 1 , we computed the parameters a and b over the reference period by using the GrIS SMB anomaly time series simulated by MAR and by Hanna08 in the left part of Eq. (1) and the Fig. 4 . Time series of the GrIS temperature (resp. precipitation) anomaly computed for Region 1 (resp. 2) from the different data sets listed in Table 1 . In red dashed, the time series from GISTEMP (available at http://data.giss.nasa.gov/). Anomalies are with respect to 1970-1999. The 5-yr running mean of the averaged anomalies of the available data sets is shown in dashed black.
temperature/precipitation anomaly time series from the data set averaged on Region 1/Region 2 in the right part. The high correlation coefficient(>0.8) between the GrIS SMB anomaly simulated by MAR (resp. Hanna08) and the one estimated by the data sets following Eq. (1) over 1970-1999 (see Tables 2 and 3 ) motivated us to extend empirically the SMB anomaly estimation to the whole period covered by the data sets by using the same previously determined parameters a and b. These parameters are computed over 1970-1999 by using de-trended (i.e. with a zero trend) time series to minimise the dependence on the reference period and are applied after that to the whole time series (without correction of the trend). The anomalies refer then to the period 1970-1999. In addition, the use of de-trended time series of anomalies to compute the parameters a and b rather than time series of values provides a better homogeneity between the different data sets and the MAR (resp. Hanna08) model. Before continuing, it should be noted that these data set-based SMB anomaly estimates should be considered with caution.
-Firstly, these estimates are based on Eq. (1) which does not fully explain the SMB variability and uses results from the MAR and Hanna08 models (not direct observations) for the calibration.
-Secondly, by using constant parameters a and b through the whole period covered by the climatic dataset, we assume that the dependence of the SMB on the temperature/precipitation anomaly are the same as during . That is why we chose to use de-trended time series to minimise this impact.
-In addition, we assume that the data set is homogeneous through the whole period, which is not guaranteed as, for example, in the ECMWF time series after 2002.
-We assume also that the variability in Region 1 and 2 remains representative for the whole ice sheet for the entire period. Furthermore, we implicitly assume that the same mechanisms that are responsible for the interannual variability can be extended to the long term and decadal variability (for the future projections). In addition, we assume by using a linear equation that a doubling in, for instance, the temperature deviation will result in a doubling of the melt anomaly.
-Finally, there are not many in-situ observations (on which the data sets are based) available over Greenland. Such data are collected along the coast by the Danish Meteorological Institute (DMI) weather stations. They are consequently not representative for the GrIS (Fettweis et al., 2005; Cappelen et al., 2001 ), although Hanna et al. (2008) show good correspondence between DMI and Swiss Camp (west flank of GrIS) summer temperature variations since 1990. Nevertheless, we can assume that the interannual variability is less sensitive to the lack of measurements over the GrIS, the more so since the variability along the coast is a good proxy for the whole GrIS variability according to Figs. 1 and 2. Figure 4 plots the time series of anomalies for the different datasets from 1900 to 2006. As these datasets are mainly based on the same in situ observations, the temperature time series compare very well. All the series unanimously show warm periods around 1930, 1950 and 1960 in full agreement with previous studies based on coastal DMI weather station observations (Box, 2002; Box and Cohen, 2006; Vinther et al., 2006) . The rate of warming in 1920-1930 is the most spectacular as pointed out by Chylek et al. (2006) . Finally, Greenland climate was colder around 1920 and, in the 1970s and 1980s. The temperature minimum (resp. maximum) seems to have occurred in 1992 after the Mont Pinatubo eruption (resp. in 1931). The warm summers of recent years (1998, 2003, 2005) , associated with large melt extent areas , seem to be less warm than these of the 1930s, as also pointed out by Hanna et al. (2007) .
Concerning the precipitation time series, the agreement among them is less obvious and large disparities occur as for example with the NCEP precipitation time series in the 1950s. In addition, the interannual variability is more significant in the GHCN precipitation time series because only one or two pixels with data are available in Region 2 (Three pixels with temperature data are available in Region 1). This suggests that the precipitation variability in the GHCN time series is rather the variability measured by one or two coastal DMI weather stations. However, the series show all a small negative anomaly in the 1930s and positive in 1970s but these anomalies are less significant than the temperature anomalies. Finally, the correlation of the de-trended time series of the data sets with the MAR anomalies is better for temperature than for precipitation (see Table 2 ). The precipitation is more difficult to simulate and to measure (especially snowfall) which might explain these discrepancies.
Both simulated and estimated SMB anomalies through the 20th century are plotted on Fig. 5 . The reference period is 1970-1999 over which the GrIS SMB simulated by MAR is 352±112 km 3 yr −1 (resp. 348±105 km 3 yr −1 for Hanna08). The generally accepted current estimate of the GrIS SMB is around 300 km 3 yr −1 which approximately balances the Table 4 . Twenty-three AOGCMs from the IPCC AR4 (Randall et al., 2007) glacier discharge and the basal melting rate (Reeh et al., 1999; Fettweis, 2007) . Tables 2 and 3 list the ratio a/b, i.e. the weight of the temperature variability against the precipitation variability in the SMB variability. This ratio is obtained by using normalized (i.e. with a standard deviation of 1) de-trended temperature/precipitation anomaly time series. On average, this ratio is near −1.0 (−1.5,−0.75). The details of the uncertainty of the ratio a/b is explained in the legend of Table 2 . Therefore, the thermal factors influence the SMB sensitivity as much as precipitation changes.
The set of SMB estimates in Fig. 5 agree to give positive anomalies around 1920 and in the 1970s and 1980s. The maximum, confirmed by all data sets, takes place at the beginning of the 1970s with a SMB anomaly near +200 km 3 yr −1 due to a combination of cold summers and wet years. Over the period 1930-1960 and since the end of 1990s, the estimated SMB is below the 1970-1999 average. The absolute minimum occurred around 1930 with a SMB anomaly near −300 km 3 yr −1 . Secondary (minor) SMB minima appear to have occurred in 1950 and 1960, equalling the surface mass loss rates of the last few years (1998, 2003, 2006) , although these minima are not confirmed in all data sets. However (Chylek et al., 2007) found also a maximum melt area at the beginning of the 1930s followed by minor maxima in 1950 and 1960. The minimum SMB rates around 1930 are due to exceptionally warm summers combined with dry years inducing SMB rates lower than those currently observed, although the effect of human-induced global warming was not perceptible at that time. Around 1950 and 1960 , the low SMB rates are mainly explained by positive temperature anomalies. After the 1990s, the GrIS SMB decreases slowly to reach the negative anomalies of the last few years, although the summers of the 2000s were not exceptional compared to 70 yr ago (Chylek et al., 2006) . Finally, the interannual SMB variability was higher in 1960 -1990 than in the 1930s and 2000s. During 1960 -1990 , negative SMB anomalies were mainly succeeded by positive anomalies. By contrast, in the 1930s and 2000s, there is a succession of negative SMB anomalies inducing an acceleration of the melt due to the albedo feedback. A high melt-rate year decreases the snow pack albedo for the next year if the winter accumulation is not enough to compensate the melt during the next summer (Fettweis, 2007) .
Change in the future
In the following section, we assume that the hypotheses made before are still valid in the near future. In that case, AOGCM simulations (Randall et al., 2007) performed for the 4th assessment report of the IPCC can be used to project the GrIS SMB anomalies for the 21st century. The projected temperature/precipitation anomalies (plotted in Fig. 6 ) are based on model outputs from the "Climate of the Twentieth Century Experiment" (20C3M) and from the scenario SRES (Special Report on Emission Scenarios) A1B described in Nakicenovic et al. (2000) . The A1B scenario corresponds to a continuous increase of the atmospheric CO 2 concentration during the 21st century to a level of 720 ppm by 2100. The A1B Table 4 . The anomalies are decadal means, computed on Region 1 and 2 described previously and refer to the period 1970-1999. The anomalies are based on model outputs from the "Climate of the Twentieth Century Experiment" (20C3M) and from the scenario SRES A1B. Finally, the median (50%), the 25% and 75% quartile values among the 24 models and the UKMO-HadCM3 time series are plotted in red, blue and green, respectively. scenario was chosen because it is a mid-range scenario and all the IPCC AR4 AOGCMs have outputs for this scenario.
We deduce the projected SMB changes in the future from the IPCC AR4 experiments (Randall et al., 2007) via the following algorithm:
1. The time series of the JJA temperature (T i ) taken in Region 1 and the annual precipitation (P i ) taken in Region 2 from the 20C3M experiment are de-trended, centred i.e.
and normalized (i.e. with a standard deviation of 1):
over . The normalisation of the T i and P i time series enables to homogenise the AOGCMs results over 1970-1999. 2. The MAR and Hanna08 results show a standard deviation of the GrIS SMB time series around 100 km 3 yr −1 over the period 1970-1999. Therefore, if k=a/b, the standard deviation of the SMB estimated by the temperature and precipitation time series from the 20C3M experiment is fixed to be 100 km 3 yr −1 , i.e.
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which enables the computation of a and b if the parameter k is known. Previous results listed in Tables 2 and  3 show a parameter k around −1.0 (−1.5,−0.75). Here, we will compute a and b for k fixed at −1.
3. For each decade between the 2010s and the 2090s, the mean projected summer temperature (resp. annual precipitation) in Region 1 (resp. Region 2) is retrieved from the SRESA1B scenario. Afterwards, the mean 1970-1999 temperature (resp. precipitation) from the 20C3M experiment is subtracted from the projected temperature (resp. precipitation) to compute anomalies which we divide by the normalisation factor used in Eq. (3) to give this equation:
By using parameters a and b computed in Eq. (4), we can then estimate the projected SMB anomaly for each decade based on a fixed value of k. Table 4 for a/b=−1. The anomalies are decadal means and refer to 1970-1999 where the mean SMB rate is estimated to be ∼ 350 km 3 /yr. The anomalies are based on model outputs from the "Climate of the Twentieth Century Experiment" (20C3M) and from the scenario SRES A1B. Finally, the median (50%), the 25% and 75% quartile values among the 24 models, Eq. (7) and the UKMO-HadCM3 time series are plotted in red, dark blue, light blue and green, respectively.
(b) The same as a) but for the projected GrIS SMB changes expressed in equivalent sea-level rise (in cm). The computation was made by using an area of a world ocean area of 361 million km 2 . Fig. 8 . The 2010-2100 projected SMB anomaly using temperature/precipitation anomaly simulated by UKMO-HadCM3 for k=−1. The temperature/precipitation projections from UKMOHadCM3 are near the ensemble mean and its SMB anomaly projections are at the negative end compared with other models. The 10-yr running mean is shown in red.
For validation purposes, this algorithm was first applied to the ECMWF, NCEP and GHCN time series by taking a value of −1 for the parameter k. The resulting estimated SMB time series agree well with those simulated by Hanna08. The correlation coefficient is respectively 0.96, 0.97 and 0.86 for a RMSE equals to 32.6, 30.7 and 55.5 km 3 yr −1 . These results should be compared with those listed in Table 3 . An alternative to this algorithm (using a fixed value of k) is to directly infer the parameter a and b from the regressions listed in Table 3 (in average, a − 60±10 and b + 60±10). However, in this case, the RMSE with the SMB time series simulated by Hanna08 is higher. Figure 6 plots the decadal mean of the JJA temperature and relative precipitation changes for all models listed in Table 4 . While the interdecadal variability is very high (particularly for precipitation) and some models are in total disagreement with the others, the models are unanimous in projecting a JJA temperature increase of ∼2.4 • C through the 21st century. Changes in precipitation are more model-dependent than temperature although the multimodel average gives a small increase of precipitation during the 21st century. The relative precipitation change could be estimated to be ∼5% K −1 in connection with the temperature increase, as found by Gregory and Huybrechts (2006) . Table 5 summarises the changes projected for the 21st century. These results are in agreement with the projections of the IPCC AR4 (Christensen et al., 2007 (Christensen et al., ) for 2090 (Christensen et al., -2099 (Christensen et al., (compared with 1980 (Christensen et al., -1999 over a region covering the Greenland (103 • W-10 • W and 50 • N-85 • N.). Their projections are +2.8 K (+2.1,+3.7) for the JJA temperature and +15% (+12,+20) for the annual relative precipitation. Their values are the median (50%), and 25% and 75% quartile values among 21 AOGCMs.
The ensemble mean of the 24 models used in the 20C3M experiment (see Table 4 ) gives a mean surface JJA temperature (resp. precipitation) of −1.2±2.7 • C (resp. 530±157 mm) and a trend of +0.02 K • yr −1 (resp. no significant precipitation change) in Region 1 (resp. Region 2) over the reference period 1979-1999. These results are in agreement with observations during 1970-1999, suggesting that the multimodel average is a reliable estimate for the current climate. In a first approach, we decided to use only results of the ensemble mean for future projections rather than those from a single model. Sophisticated weighting of the various models should be investigated in the future.
The SMB anomaly projection for k=a/b=−1 as well as the cumulated sea level rises equivalent are shown in Fig. 7 and listed in Table 5 . The lower SMB anomaly in the 20th century seems to have occurred in 1931 with −300 km 3 yr −1 . This record surface mass loss rate is likely to become common at the end of the 21st century. The summer will probably be much warmer than previously observed during the 20th century, but a predicted increase of precipitation will most likely partly offset the SMB decrease associated with warming. With the SRESA2 experiment, the projected negative SMB anomalies are higher. The sea level rise coming from the GrIS SMB change should reach 4±0.5 cm in 2100, which is in full agreement with Huybrechts et al. (2004) , Oerlemans et al. (2005) and Meehl et al. (2007) . The computation was made by using an area of a world ocean area of 361 million km 2 . Finally, Table 5 and Fig. 7 show that a warming threshold higher than 2.5 K is required for a zero surface mass balance (i.e. a SMB anomaly reaching −350 km 3 /yr in our case), as concluded by Gregory and Huybrechts (2006) . However, it should be noted that the MAR model simulates for 2003 and 2006 negative SMB anomalies equivalent to those projected by the AOGCMs on average for the end of the 21st century. These recent SMB rates are the result of low precipitation and very high temperatures (an anomaly of about 2 • K occurred in 2003), suggesting that some AOGCMs could underestimate changes resulting from the global warming over the GrIS. These projections are decadal means suggesting that some SMB anomalies could be much lower for individual years (see Fig. 8 ) owing to the high observed interannual variability in the SMB (see Fig. 3 ). In addition to the uncertainties linked to the models/scenario and the value of k, these projections do not take into account changes in ice dynamics and surface topography as described in Gregory and Huybrechts (2006) . An albedo decrease as well as a decrease of the surface height due to successive annual negative GrIS mass rates induces an acceleration of the melt. In addition to these surface changes, there may be changes in glacier discharge (e.g. from melt-induced outlet glacier acceleration as observed by Zwally et al., 2002) and in basal melting currently estimated to be ∼300 km 3 yr −1 by Reeh et al. (1999) .
According to Eq. (5) and if we assume that the relative precipitation change is 5% K −1 in connection with the temperature increase (Gregory and Huybrechts, 2006) , the ensemble mean of the IPCC AR4 models shows that the projected SMB changes in a near future could be approximated by
= ∼ (−106 ± 26) T
for k = a/b = −1.0 (−1.5, −0.75). The striking fit between the Eq. (7) plotted in Fig. 7 in light blue and the ensemble mean in red motived us to use Eq. (7) with the IPCC AR4 projections. Following the used SRES scenario, the best estimates from the IPCC AR4 project a global average surface warming varying between 1.8 and 4 K in 2100 (IPCC, 2007) . If we assume that the summer GrIS temperature increase will be equivalent to the global warming, Eq. (7) then estimates SMB to vary between −190±47 and −424±104 km 3 yr −1 in 2100. In particular for the mid-range SRES scenario A1B, the IPCC AR4 (IPCC, 2007) projects a global temperature increase of +2.8 K (+1.7,+4.4) inducing a SMB change of −297±73 (−180±44,−466±114) km 3 yr −1 in 2100. Therefore, it is very likely that the GrIS SMB should be null or even negative in 2100.
However, ten thousand years would be needed to melt completely the GrIS if the SMB stabilizes near 0 km 3 yr −1 . Indeed, the total volume of the GrIS is 2.93×10 6 km 3 (Bamber et al., 2001 ) and the current mass loss from glacier discharge and basal melting is estimated to be ∼300 km 3 yr −1 (Reeh et al., 1999) , while some recent observations from the Gravity Recovery and Climate Experiment (GRACE) suggest that dynamic mass losses should be much higher within the last five years (Chen et al., 2006; Luthcke et al., 2006; Thomas et al., 2006, Velicogna and Wahr, 2006) . However, this simple calculation does not take into account the positive feedbacks from albedo and elevation changes (Ridley et al., 2005) or changes in ice dynamics nor the fact that in a warmer climate the ice sheet will retreat from the coast so that less calving can take place.
Discussion and conclusion
Simulations made with MAR (Fettweis, 2007) and by Hanna et al. (2008) reveal a very high correlation between the interannual variability of the modelled SMB and the variability of both temperature and precipitation GrIS anomalies. We have derived a multiple-regression relation that has been used with climatological time series to empirically estimate the GrIS SMB since 1900. The SMB changes projected for the end of the 21st century have been derived using the set of experiments conducted for the IPCC AR4 (Randall et al., 2007) .
The results show that the GrIS surface mass loss in the 1930s is likely to have been more significant than currently due to a combination of very warm and dry years. It is also noted from our results that a mere ten years would be enough to pass from a GrIS growth state to a significant mass-loss state. Therefore, the SMB changes that are currently occurring, and which are linked to global warming (Fettweis, 2007; Hanna et al., 2008) are not exceptional in the GrIS history. For the near future, the IPCC AR4 models project SMB rates similar to those of the 1930s (i.e. a zero or even negative SMB rate) for the end of the 21st century. That transforms to about 4-5 cm of sea-level rise for the end of this century under SRES scenario A1B. If these rates are confirmed and no significant changes occur in iceberg calving and basal melting, then these rates are not large enough to significantly change the freshwater flux into the Atlantic Ocean.
However, large uncertainties remain indeed in these estimates due to models/scenarios used as well as parameters and hypotheses made in the algorithm to estimate the GrIS SMB anomaly. That is why further investigations are needed. High-resolution simulations made with the MAR model (which explicitly simulates the SMB by incorporating the surface feedbacks) forced at its boundaries by the IPCC AR4 models outputs should yield more comprehensive and realistic results although this requires a lot of computing time. Moreover, both 2003 and 2006 negative SMB anomalies simulated by MAR resulting from a combination of low precipitation and very high temperatures are equivalent to those projected by the AOGCMs on average for the end of the 21st century. This suggests that some AOGCMs could underestimate changes over the GrIS from the global warming.
